Inhibition of immune checkpoints, including cytotoxic Tlymphocyte antigen-4 (CTLA-4), programmed death-1 (PD-1), and its ligand PD-L1, has demonstrated exciting and durable remissions across a spectrum of malignancies. Combinatorial regimens blocking complementary immune checkpoints further enhance the therapeutic benefit. The activity of these agents for patients with glioblastoma, a generally lethal primary brain tumor associated with significant systemic and microenvironmental immunosuppression, is not known. We therefore systematically evaluated the antitumor efficacy of murine antibodies targeting a broad panel of immune checkpoint molecules, including CTLA-4, PD-1, PD-L1, and PD-L2 when administered as single-agent therapy and in combinatorial regimens against an orthotopic, immunocompetent murine glioblastoma model. In these experiments, we observed long-term tumor-free survival following single-agent anti-PD-1, anti-PD-L1, or anti-CTLA-4 therapy in 50%, 20%, and 15% of treated animals, respectively. Combination therapy of anti-CTLA-4 plus anti-PD-1 cured 75% of the animals, even against advanced, later-stage tumors. In long-term survivors, tumor growth was not seen upon intracranial tumor rechallenge, suggesting that tumor-specific immune memory responses were generated. Inhibitory immune checkpoint blockade quantitatively increased activated CD8 þ and natural killer cells and decreased suppressive immune cells in the tumor microenvironment and draining cervical lymph nodes. Our results support prioritizing the clinical evaluation of PD-1, PD-L1, and CTLA-4 single-agent targeted therapy as well as combination therapy of CTLA-4 plus PD-1 blockade for patients with glioblastoma.
Introduction
Outcomes for glioblastoma, the most aggressive primary cancer of the brain, remain dismal. The most effective chemotherapeutic, the alkylating agent temozolomide, extends survival by a modest 2.5 months and results in a median survival of 14.6 months (1, 2). In addition, recently reported phase III clinical trials evaluating chemotherapy dose intensification (3), antiangiogenic therapy (1, 2), and integrin inhibition (3) have failed to improve survival. Innovative treatment strategies to improve outcome for this unmet patient need remain imperative.
Historical dogma purporting immunoprivilege of the central nervous system (CNS) has gradually eroded, with the demonstration of lymphatics within the CNS (4) and growing data supporting a dynamic interaction between the CNS and the systemic immune systems (5) . This paradigm shift has contributed to a growing interest in the evaluation of immunotherapeutic approaches for brain tumors, including glioblastoma. A variety of vaccination strategies have demonstrated encouraging preliminary results (9) . Nonetheless, the dominant immunosuppressive mechanisms exploited by glioblastoma tumors to resist antitumor immune attack likely limit improvement in outcomes.
Immune checkpoints normally function to reduce or abrogate immune system responses to specific antigens. Among inhibitory checkpoints, cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1) expression markedly increases upon T-cell activation (6, 7) . CTLA-4 reduces early stages of T-cell expansion primarily in systemic lymph nodes by out-competing CD28 for B7-ligand binding (8) . In contrast, PD-1 interacts with its ligands PD-L1 and PD-L2 to inhibit T-cell receptor-dependent proliferation and cytokine production, alter T-cell motility and metabolism, and enhance survival of regulatory T cells (Treg) primarily within peripheral lymph nodes and regions of inflammation (6, 9, 10) . CTLA-4 and PD-1 normally serve as nonredundant, serial, negative regulators to protect normal tissues from damage associated with immune system activation and to foster immunotolerance to prevent autoimmunity.
Many tumors exploit the normally protective role of inhibitory immune checkpoints as a strategy to evade immune system attack. Tumor-infiltrating lymphocytes can express large amounts of PD-1, which may reflect an exhausted phenotype including poor effector function and enhanced expression of other inhibitory receptors (6, 7) . PD-L1 and PD-L2 are also expressed by many tumors and in some series have been linked with poor prognosis (8, 9) . Among glioblastoma tumors, nearly 90% diffusely express PD-L1 (6) , expression of which is linked with loss of the PTEN tumor-suppressor gene, which occurs in up to 40% of glioblastoma tumors (11, 12) .
Individual blockade of CTLA-4, PD-1, or PD-L1 has achieved noteworthy benefit for patients with challenging solid tumors and lymphoid malignancies, including durable tumor regression in up to 25% of patients with advanced melanoma (13) (14) (15) , and combined blockade of CTLA-4 and PD-1 increased the response rate to approximately 70% in the same population (16) . The therapeutic benefit associated with these agents for patients with glioblastoma has not been determined, and limited preclinical glioblastoma data reveal variable results. We therefore conducted a systematic evaluation with blocking CTLA-4, PD-1, PD-L1, and PD-L2 mAbs against an orthotopic, immunocompetent GL261 glioblastoma model. In addition to separate blockade of each individual checkpoint, we also evaluated combinatorial regimens with potentially complementary mechanisms of activity. Given the nonredundant regulatory roles of CTLA-4 and PD-1 signaling on T-cell activity, and the documented enhanced antitumor effect of combined blockade observed in patients (7), we first evaluated blockade of CTLA-4 with inhibition of either PD-1 or PD-L1. We then evaluated PD-1 blockade with inhibition of either PD-L1 or PD-L2 as a strategy to more effectively suppress overall PD-1-mediated immunosuppression in this model.
Our results reveal that blockade of CTLA-4, PD-1, or PD-L1 alone can eradicate growing glioblastoma tumors within the CNS, including late-stage tumors. Antitumor activity can be augmented by combinatorial therapy targeting CTLA-4 and PD-1. We also noted that long-term survivors show immune memory responses capable of preventing tumor growth following rechallenge. Finally, we demonstrate that combined CTLA-4 and PD-1 blockade enhances infiltration of effector immune cells while reducing suppressive immune cell subsets within the tumor microenvironment and draining cervical lymph nodes.
Materials and Methods

Cell line, antibodies, and reagents
Luciferase-transduced GL261 cells (GL261-luc2) were purchased (Perkin-Elmer) in 2014, expanded, and frozen without further testing or authentication. Thawed cells were cultured for up to three passages in DMEM supplemented with 10% heatinactivated FCS and 100 mg/mL G418 at 37 C in a humidified incubator maintained at 5% CO 2 prior to intracranial implantation. Cells were maintained in logarithmic growth phase for all experiments.
The following mouse anti-mouse mAbs were generated in specific gene-deficient mice, in the laboratory of Dr. Gordon Freeman: PD-1 -332.8H3 (mouse IgG1, K); PD-L1 -339.6A2 (mouse IgG1, K), and PD-L2 -3.2 (mouse IgG1, K; ref. 7) . Mouse anti-mouse CTLA-4 -9D9 (mouse IgG2b, K) was purchased from BioXCell. Each of these mAbs blocks interaction with ligand. Isotype controls were purchased from BioXCell and included MOPC21 (IgG1), MPC-11 (IgG2b), and C1.18 (IgG2a). All mAbs contained less than 2 endotoxin units/mg protein.
Intracranial tumor cell inoculation
GL261-luc2 cells (1 Â 10 5 ), which are syngeneic in C57BL/6 mice (8), were resuspended in PBS and injected stereotactically into the right striatum of anesthetized, 6-to 10-week-old female albino C57BL/6 mice (The Jackson Laboratory) using a Hamilton syringe and stereotactic frame. Mice were euthanized for signs of morbidity due to tumor burden or 120 days after reinjection if they appeared to be healthy. All animal experiments were approved by the Dana-Farber Animal Care and Use Committee.
In vivo treatment and tumor assessment
For all studies, mice with enlarging tumor burden defined by increasing bioluminescence signal between days 3 and 6 after tumor implantation were randomized into control and treatment cohorts (8 mice per cohort). Tumor response assessment was done by quantifying bioluminescence in all animals as well as MRI imaging in a subset (see Supplementary Materials and Methods).
First, we determined the antitumor effect against a growing, established tumor model. Therapeutic mAbs and isotype controls were administered via intraperitoneal injection beginning on day 6 (500 mg) after tumor implantation with repeat injections every 3 days (250 mg/dose) for a total of eight injections. Control animals received equivalent doses of isotype murine IgG according to the same dosing schedule. No treatment was administered after day 27 following tumor implantation. Using this treatment schedule, we systematically evaluated the antitumor activity as measured by survival using mAbs against CTLA-4, PD-1, PD-L1, and PD-L2 as single agents and in combinatorial regimens in separate experiments.
We then addressed whether inhibitory immune checkpoint blockade can have a therapeutic effect against an advanced, later-stage tumor model. A similar treatment schema to that detailed above was employed, but treatment was initiated on day 14 after tumor implantation. CTLA-4 or PD-1 mAb monotherapy or in combination, as well as appropriate isotype controls, were repeated every 3 days for eight total doses. No further therapy was administered beyond day 35 after tumor implantation.
Rechallenge experiments
GL261-luc2 cells (1 Â 10 5 ) were injected intracranially into the contralateral hemisphere in a cohort of mice previously treated beginning on day 6 who survived over 100 days as well as 5 treatment-na€ ve CL57BL/6 albino mice. Rechallenged mice were followed for a minimum of 100 additional days and received no additional therapy. Mice were then sacrificed, at which point the brain was removed, fixed in 4% formalin, and embedded in paraffin. Two 3-mm sections were stained with hematoxylin and eosin and then examined for microscopic evidence of tumor by two neuropathologists (K.L. Ligon and S.H. Ramkissoon) blinded to prior treatment.
Characterization of immune response
Immune response assessment studies were performed on material obtained from euthanized, tumor-bearing animals on day 24 following mAb treatment administered on days 14, 17, 20, and 23. For flow cytometry, brains, spleens, and superficial cervical lymph nodes were harvested and homogenized using enzymatic (1.5 mg/mL collagenase IV, 200 U/mL DNaseI, HBSS with calcium and magnesium) and/or mechanical tissue disaggregation. Brain cells were resuspended in 25% Percoll Plus (Sigma) for myelin removal and leukocyte isolation. Red blood cells were removed using a Ficoll gradient (GE Life Sciences). The following antibodies were used for flow cytometric analysis of cell surface proteins: anti-CD45 (30-F11; Biolegend), anti-CD3 (17A2; Biolegend), anti-CD4 (RM4-5; Biolegend), anti-CD8 (53-6.7; Biolegend), anti-CD11b (M1/70; Biolegend), anti-CD86 (GL-1; Biolegend), anti-NK1.1 (PK136; Biolegend), anti-Gr1 (RB6-8C5; Biolegend), anti-PD1 (RMP1-30; eBioscience), anti-Tim3 (B8.2. C12; Biolegend), and anti-CTLA4 (UC10-4B9; Biolegend). Dead cells were excluded using the Zombie NIR Fixable Viability Kit (Biolegend). Following surface staining, cells were fixed and permeabilized with the FoxP3 Fixation/Permeabilization Kit (eBioscience). The following antibodies were used for intracellular staining: anti-FoxP3 (MF-14; Biolegend) and anti-Granzyme B (NGZB; eBioscience). Acquisition was performed on an LSR Fortessa SORP HTS flow cytometer (BD Biosciences). Data analysis was performed using FlowJo X 10.7.7r2 (Tree Star).
Immunohistochemistry studies for the detection of CD4-and CD8-positive lymphocytes were performed on separate, snapfrozen, and paraffin-embedded portions of the frontal cerebrum according to the established methods. Analysis of circulating immunocytokines was performed on serum using the Mouse Chemokine Antibody Array (R&D Systems) according to the manufacturer's instruction (for further details, see Supplementary Materials and Methods).
Statistical analysis
Survival estimates and median survivals were determined using the method of Kaplan and Meier. A log-rank (Mantel-Cox) test was used to calculate P values derived from statistical analysis of Kaplan-Meier survival curves. A one-way ANOVA followed by a Tukey multiple comparisons test was used to determine the statistical significance between two experimental groups in the flow cytometric and serum analysis. P values of less than 0.05 were considered statistically significant ( Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001). Quantitative analysis was performed with Graphpad Prism 6 (Graphpad Software, Inc.).
Results
Eradicating established glioblastoma tumors and generating long-term survival
We first performed a series of experiments to systematically evaluate the antitumor activity of blocking individual inhibitory immune checkpoint molecules as well as combinatorial regimens with potentially complementary mechanisms of action ( Fig. 1 and Table 1 ). In our initial experiments, treatment began on day 6 against an established, growing model tumor, GL261-luc2 (Fig. 1A) . Intracranial bioluminescence of all animals initially increased for 1 to 2 weeks, consistent with growing tumor burden. Thereafter, bioluminescence decreased in responding mice, consistent with tumor regression. In contrast, nonresponders in each treatment cohort progressively increased luciferase counts ( Fig. 2 and Supplementary Fig. S1 ). Changes in tumor burden were confirmed by MRI in a subset of treated mice (Fig. 2) .
Using the established tumor model, we compared blockade of CTLA-4, PD-1, and PD-L1 separately ( Fig. 1B and C) . PD-1 blockade showed the greatest efficacy, with long-term effective cures in 56% of the treated animals, whereas blockade of either PD-L1 or CTLA-4 had less survival benefit. Because CTLA-4 and PD-1 suppress T-cell activation nonredundantly, we also evaluated the antitumor effect of CTLA-4 blockade with either PD-1 mAb or PD-L1 mAb. In these experiments, CTLA-4 mAb combined with PD-1 mAb led to an effective cure rate of 75% (Fig. 1B) . In contrast, the addition of PD-L1 blockade to CTLA-4 mAb had a negligible effect (Fig. 1C) .
We also compared and combined blockade of PD-1, PD-L1, and PD-L2 and found that PD-1 mAb improved survival better than PD-L1 mAb, whereas PD-L2 mAb had no effect ( Fig. 1D and E). Of note, combinatorial therapy with PD-1, PD-L1, or PD-L2 did not improve survival compared with single-agent PD-1 or PD-L1 mAb therapy.
Of note, long-term (!100 days) survivors were observed in a subset of mice treated with PD-1, CTLA-4, and PD-L1 mAbs, as well as combinations thereof (Fig. 1B-E and Table 1 ). These animals appeared healthy and neurologically intact. In addition, there was no evidence of intracranial tumor noted upon histopathologic examination in this subset (data not shown). The median survival of mice treated with any immune checkpoint mAb except anti-PD-L2, as well as combinations thereof, was longer than that of control mice (Table 1) . Among cohorts of mice treated with single-agent therapy, median survival was longest among PD-1 mAb-treated mice (91 days). Among mice treated with combination therapy, PD-1 mAb plus CTLA-4 mAb increased survival additively when compared with single-agent therapy. This combination achieved the longest survival (median not reached at 141 days, at which point survivors were euthanized) of any treatment cohort in our experiments. In contrast, median survival of the other combination groups was modestly improved compared with that of controls, but did not differ significantly from mice treated with single-agent therapy.
Immunologic memory that prevents recurrence following tumor rechallenge
To examine the development of immunologic memory, longterm (>100 days) survivors of checkpoint therapy for established tumors were challenged with contralateral intracranial injection of 1 Â 10 5 GL261-luc2 cells (Fig. 3A) . Thirteen of 14 (93%) longterm survivors following mAbs against PD-1 (n ¼ 5), CTLA-4 (n ¼ 3), or combination PD-1þ CTLA-4 (n ¼ 6) therapy survived after rechallenge for an additional 120 days (Fig. 3B) . When sacrificed, these mice showed no evidence of microscopic intracranial tumor (Fig. 3C) . In contrast, 4 of 5 treatment-na€ ve control mice died approximately 30 days following injection of GL261-luc2 cells.
Advanced, later-stage glioblastoma tumors effectively treated with immune checkpoint blockade
In order to evaluate the therapeutic impact of immune checkpoint blockade against an advanced intracranial glioblastoma tumor model, we initiated treatment on day 14 after tumor implantation (Fig. 4A) . By day 14, tumors were readily detectable by MRI (data not shown). Treatment was repeated every 3 days for eight total doses with no further therapy administered after day 35 following tumor implantation. As expected, control animals died from progressive tumor within 28 to 30 days. In contrast, 1 of 8, 4 of 8, and 7 of 8 animals, which were treated with mAbs to CTLA-4, PD-1, or CTLA-4 plus PD-1, respectively, remained alive without evidence of tumor or neurologic compromise >100 days following tumor implantation (Fig. 4B ).
Intratumoral analysis: enhanced immune effector cell infiltration while decreasing immunosuppressive cells
We evaluated changes in intratumoral and systemic immune cell subsets in mice treated with mAbs against CTLA-4, PD-1, or combination CTLA-4 plus PD-1 compared with isotype control antibody. In these studies, treatment of advanced disease was initiated on day 14 after tumor implantation as depicted in Fig. 4 and repeated on days 17, 20, and 23 prior to sacrificing the animals on day 24.
Flow cytometry analysis of tumor-infiltrating immune cells (Figs. 5 and 6 and Supplementary Fig. S2 ) revealed an increased number of CD8 þ cytotoxic T cells and decreased number of CD4 þ FoxP3 þ Tregs that reached statistical significance for mice treated with CTLA-4 mAb plus PD-1 mAb combination therapy compared with controls ( Fig. 5A and B) . Single-agent CTLA-4 and PD-1 mAb therapy was also associated with a significant reduction of tumor-infiltrating Tregs (Fig. 5B ). In accordance with these data, the CD8 þ effector cell/CD4 þ FoxP3 þ Treg ratio was significantly increased for the combination therapy cohort compared with controls (Fig. 5C) . We also noted a statistically significant þ T-cell population within tumors (11, 12) . Although CTLA-4-expressing TILs were comparable among treatment groups and controls (data not shown), the numbers of PD-1-positive ( Fig. 6A and B) and PD-1 þ /TIM3 þ TILs ( Fig. 6C) were markedly lower among mice treated with either PD-1 or CTLA-4 plus PD-1 mAbs compared with controls. Of note, the PD-1 staining mAb used is not blocked by the PD-1 treatment mAb and does not share the same epitope (Supplementary Fig. S3 ). Moreover, myeloid-derived suppressor cells (MDSC; CD11b
) in tumors showed a downward trend for each treatment cohort but only achieved statistical significance for the combination cohort compared with controls (Fig. 6D) . Immunohistochemical analysis confirmed enhanced CD4 and CD8 infiltrates in general, which were most striking following combination PD-1 plus CTLA-4 mAb therapy (Supplementary Fig. S4 ).
Systemic immune system changes induced by immune checkpoint blockade
Changes in lymphocyte subsets in draining cervical lymph nodes followed similar trends as observed among TILs (Figs. 5 and 6 and Supplementary Fig. S5 ). Specifically, cytotoxic CD8 Activated NK cells were increased in both the cervical lymph nodes and spleens among mice receiving checkpoint blockade in a pattern similar to that observed in tumors (Fig. 5D) . In contrast, MDSCs decreased in the tumor but increased in both cervical lymph nodes and spleens of treated animals (Fig. 6D) . The significance of changes observed systemically versus only in the tumor requires further investigation.
We also evaluated the effect of immune checkpoint blockade on serum concentration of 24 chemokines in our model of advanced glioblastoma ( Supplementary Fig. S6 and Supplementary Table S1 ). We detected significant increases in chemokines CCL9 (MIP-1g), CCL6 (C10), CCL11 (eotaxin), CXCL12 (SDF-1), and CCL8 (MCP-2) in the serum of single-agent-and/or combination-treated animals. Changes in other evaluated chemokines did not achieve statistical significance.
Discussion
Therapeutics targeting immune checkpoint mediators, such as CTLA-4 and PD-1, have achieved profound benefit across a growing number of cancer indications, yet their value for patients with glioblastoma, the most common and deadliest CNS malignancy, remains unknown. Furthermore, preclinical studies to date vary significantly with regard to methods and reagents, leading in turn to a wide spectrum of outcome and uncertain conclusions. We therefore performed a series of experiments that incorporated novel and strategic considerations in order to clarify the potential value of inhibitors targeting CTLA-4 and PD-1 signaling for glioblastoma.
As a first step, we utilized immune checkpoint-blocking mAbs that accurately reflect reagents currently used in the clinic for patients. Current clinical efforts to inhibit CTLA-4 among cancer patients use a human mAb that blocks interaction with B7 ligands and has an Fc that can enlist antibody-dependent cytotoxicity (ADCC) to deplete CTLA-4-expressing Tregs (13) . In contrast, currently approved human PD-1 mAbs are designed to block interaction with ligands, but have an Fc that does not enlist ADCC (13) . To best model this effect in mice, we used mouse CTLA-4 and PD-1 antibodies with the same properties to treat orthotopic, intracranial glioblastoma tumors in immunocompetent mice. This strategy contrasts with most preclinical experiments including those previously reported for glioblastoma (14) (15) (16) (17) (18) (19) , which use rat or hamster antibodies in mice and are limited in duration by the development of mouse anti-rat antibodies. Notably, the use of syngeneic mouse mAbs in our study should reduce antiantibody responses, allow for longer treatment, and more closely model the human clinical experience. Among the immune checkpoints targeted in our experiments, only PD-L1 was detectable on GL-261 cells (Supplementary Fig. S7 ), indicating that the observed therapeutic benefit of PD-1 and CTLA-4 mAbs was due primarily to effects on immune cells rather than the tumor itself.
Second, in order to assess which single-agent and combination targets provide the greatest antitumor benefit, we systematically blocked CTLA-4 components of PD-1 signaling, including PD-1, PD-L1, and PD-L2, as well as combinations with predicted complementary benefit. Among mice with established intracranial tumors, we noted that single-agent PD-1 blockade achieved longterm survival among 50% of treated mice, whereas 15% to 20% of animals treated with CTLA-4 or PD-L1 mAbs alone were longterm survivors.
Long-term survivors in our study were effectively cured, as none of these animals showed evidence of viable tumor on histopathologic Graphs include values for individually analyzed mice, and the mean AE SEM of 9 mice per treatment group. One-way ANOVA was used to determine statistical significance ( Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001). ns, not statistically significant. evaluation upon sacrifice. Although other groups have evaluated single-agent CTLA-4, PD-1, or PD-L1 blockade in glioblastoma models, evidence of antitumor benefit varied considerably. For example, CTLA-4 blockade achieves high (!80%; refs. 14, 17), intermediate (20) , or low/nonexistent (18, 19) rates of long-term survival. Similarly, blockade of either PD-1 or PD-L1 results in either high (20) or little (16) clinical benefit. The variability of therapeutic benefit observed across these studies likely reflects 
MDSCs as a percentage of live CD45 þ cells. Graphs include values for individually analyzed mice, and the mean AE SEM of 9 mice per treatment group. One-way ANOVA was used to determine statistical significance ( Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001). ns, not statistically significant. differences in experimental design, such as choice of glioblastoma model, choice of blocking mAb, and timing/dosing of mAb administration. In contrast, a distinguishing feature of our study was that all of these variables were controlled, allowing consecutive experiments to specifically assess the relative impact of each immune checkpoint molecule. Of note, our experiments also uniquely evaluated PD-L2 blockade for glioblastoma, although the lack of observed therapeutic benefit may be due to absence of PD-L2 expression by GL261 (Supplementary Fig. S7 ). Nonetheless, our results suggest that single-agent immune checkpoint blockade should prioritize targeting PD-1 for clinical translation among patients with glioblastoma, although CTLA-4 and PD-L1 blockade also warrants clinical investigation.
Among combinatorial regimens, administration of CTLA-4 plus PD-1 mAb therapy was most active and resulted in marked increase in both the percentage of long-term survivors and median overall survival, compared with controls or monotherapy with either agent. Approximately 75% of animals treated with this combination were long-term, tumor-free survivors. These findings are consistent with a recent clinical trial that observed a 2-to 3-fold increase in durable responses among advanced melanoma patients treated with combined CTLA-4 and PD-1 mAb therapy compared with single-agent historical data, although higher rates of immune-related adverse events were noted with combined therapy (21) . Our study is the only one to also evaluate combinatorial targeting of PD-1 plus PD-L1, as well as PD-L1 plus PD-L2, as strategies to more effectively block PD-1-mediated immunosuppression. We noted that these combinations offered no increased therapeutic benefit compared with single-agent therapy. Whether these results are applicable to other cancer models will require further study. In addition, we observed modestly increased benefit of CTLA-4 plus PD-L1 blockade as has been reported (20) . Finally, in our experiments, there were no clinically apparent adverse events among responding mice treated with immune checkpoint blockade, including combinatorial therapy. Treated mice showed normal activity and did not develop weight loss or exhibit evidence of neurologic or hormonal deficits, although detailed, organ-specific, histopathologic, or laboratory examinations were not performed.
The reason for the greater efficacy of PD-1 blockade relative to PD-L1 or CTLA-4 in this glioblastoma model, as well as combinations thereof, remains to be determined, but several factors may contribute. First, the immunoinhibitory mechanisms of PD-1 and CTLA-4 are inherently distinct (21) and most active on distinct cells in different locations. Because B7 ligands are primarily expressed in lymphoid tissue, CTLA-4 blockade is thought to be most important in lymphoid organs, particularly on Tregs that express high levels of CTLA-4. In contrast, PD-1/PD-L1 interactions are thought to predominate in nonlymphoid tissues with PD-1 expression on CD8 À T cells within the tumor microenvironment considered particularly important. In addition, PD-L1 expression in glioblastoma tumors may be upregulated by several factors, including IFNg, VEGF, and oncogenic changes. We confirmed PD-L1 expression by GL-261, and a recent report demonstrates significant PD-L1 expression by most glioblastoma tumors (22) . This expression pattern may mean that T cells can enter CNS tissue precoated with PD-1 mAb or require less PD-1 than PD-L1 mAb in situ for effective blockade. Finally, PD-L2 can inhibit T-cell activation and would be affected by PD-1 but not PD-L1 blockade. PD-1 blockade may therefore promote antitumor immune activity to a greater extent compared with CTLA-4 or PD-L1 inhibition.
All of these factors may contribute to variable antitumor responses associated with administration of different immune checkpoint-blocking antibodies across tumor models and potentially between individually treated patients in the clinic. In addition, we demonstrated that CTLA-4 or PD-1 mAb therapy alone and in combination was effective against advanced, later-stage, intracranial glioblastoma tumors. In fact, the percentage of long-term survivors among animals treated beginning 14 days after tumor implantation was comparable with that achieved when treatment was initiated 6 days after implantation. Successful treatment of late-stage tumors is of particular relevance to patients with glioblastoma, who are often confronted clinically with large, unresectable, and aggressively growing tumors. Based on our systematic evaluation of combinatorial regimens against both established and advanced glioblastoma models, our results support prioritizing combinatorial blockade of CTLA-4 plus PD-1 for clinical development among patients with glioblastoma, while combination treatment targeting CTLA-4 plus PD-L1 may also warrant clinical evaluation.
An exciting capability of immunotherapy is its ability to exert a dual-phase therapeutic benefit that initially includes effective treatment of existing tumors, followed by prevention of future relapse by successful induction of tumor-specific immune memory responses. Another strategic aspect of our experiments was demonstration that increased survival was also associated with evidence of tumor-specific immunologic memory. Specifically, intracranial rechallenge experiments revealed no evidence of tumor growth in all but one long-term surviving animal following initial CTLA-4, PD-1, or CTLA-4 plus PD-1 mAb combination therapy. Prior studies demonstrated induction of memory responses capable of rejecting flank tumor rechallenge (16, 18, 19) ; however, in our hands, tumors grew in only 50% of injected C57BL/6 mice who underwent flank injection of GL261-luc2, indicating that the flank may not be a reliable site to evaluate the induction of antitumor immune responses. In contrast, over 90% of mice developed tumors when either GL261 or GL261-luc2 was injected intracranially. Our study uniquely demonstrated that induced systemic immune memory responses are capable of rejecting tumor rechallenge in the CNS. The latter finding is particularly relevant to glioblastoma given that relapse universally occurs within the CNS and very rarely occurs systemically.
Another key aspect of our experiments was a detailed investigation of changes among immune cell populations within the glioblastoma microenvironment, draining cervical lymph nodes and the spleen, as well as changes in circulating immunocytokines. The degree of therapeutic benefit for single agent as well as combination immune checkpoint blockade was associated with reproducible changes in immune cell subsets. Changes in the brain and cervical lymph nodes showed a similar trend in most cases, whereas changes in the spleen were more variable. Treated tumors draining cervical lymph nodes had an increase in the infiltration of effector CD8 þ cells and activated NK cells. Simultaneously, the percentage of immunosuppressive lymphocytes, including Tregs, PD-1 þ lymphocytes, PD-1 þ /TIM-3 þ exhausted T cells, and MDSCs, decreased. Our results are consistent with those from previous studies of checkpoint blockade (14, 16, 19, 20) , and were marked in animals treated with combination CTLA-4 plus PD-1 mAb therapy. We also observed a systemic increase in several IFNg-inducible chemokines, including CCL9 (MIP-1g), CCL6 (C10), CCL11 (eotaxin), and CXCL12 (SDF-1).
In conclusion, we demonstrated that systemic administration of CTLA-4, PD-L1, and PD-1 inhibitors can improve survival for intracranial glioblastoma tumors. Single-agent blockade achieved durable survival benefit in a subset of tumor-bearing animals that was most robust with PD-1 mAb therapy, but dual blockade of CTLA-4 plus PD-1 exhibited the greatest antitumor benefit. CTLA-4 plus PD-L1 had modest activity, while PD-L1 with either PD-1 or PD-L2 revealed no additive benefit. Significant therapeutic benefit was achieved against advanced, later-stage tumors and was associated with specific systemic antitumor immunologic memory responses that prevented CNS relapse upon intracranial rechallenge. Mechanistically, tumor and cervical lymph node infiltration of effector immune cells was enhanced, and this activity is likely augmented by a concurrent decrease in immune cells capable of inhibiting antitumor responses in animals with improved survival. Our findings support the clinical evaluation of immune checkpoint blockade for patients with glioblastoma and prioritize targeting CTLA-4, PD-L1, and PD-1 separately and in combinatorial regimens for clinical development.
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